The bis(η 5 -cyclopentadienyl)titanium(IV) complexes of 5-[(E)-2-(aryl) topologies; C-X … π interactions also play an important role in the packing of 6-8.
Introduction
Organometallic and coordination titanium(IV) compounds are of interest due to their reactivity and uses including as reagents for catalytic enantioselective processes [1] , organic transformations [2] , as initiators for polymerization reactions [3] , polymerisation catalysts [4] [5] [6] [7] [8] [9] [10] to metal organic frameworks [11] [12] [13] and metallo-supramolecular chemistry [14] [15] [16] [17] [18] [19] . Other applications include the use of alkoxides or aryloxides precursors for the generation of titaniumbased materials [20] [21] [22] [23] [24] [25] [26] and their uses as photo-sensitisers and photo-catalysts [27, 28] , titaniumbased drugs [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and cell imaging [40] [41] . In recent years, substituted titanium-oxo-clusters, such as those substituted by acetylacetonate, carboxylates and catecholate derivatives, have attracted a great deal of attention, owing to their hydrolytic stability and versatile coordination modes [42] [43] [44] [45] [46] .
On the other hand, salicylic acid, an ancient anti-inflammatory drug having cancerfighting properties, has attracted attention for biological applications and shows a great affinity for titanium(IV) ions [47, 48] . In spite of the rich chemistry and diverse biological applications of titanocene and titanium(IV) based compounds, the synthetic methodologies are not well established (vide infra) and the number of isolated and structurally characterised titanocene salicylates is scarce. As anticipated, both unsubstituted derivatives, bis(η 5 
2 )titanium(IV)) (2) [50] , with a chelating dianion, have been described. Compound 1 has been synthesised by treating Cp 2 TiCl 2 with sodium salicylate (1:2 molar ratio) in water containing acetylacetone wherein the role of the latter reagent is not known [49] . In an another endeavour, compound 2 was prepared from aqueous solutions of Cp 2 TiCl 2 , salicylic acid and sodium carbonate (1:1.1 molar ratio), the isolation of pure product required meticulous control of the experimental conditions as to minimise hydrolytic side reactions. Additionally, shorter or prolonged reaction times led to the isolation of either unreacted starting materials or oxotitanium(IV) impurities, respectively. In view of the reactions' complexities, both 1 and 2
were reinvestigated [51] . Compound 2 was isolated in high yield (86%) from a reaction containing equivalent amounts of Cp 2 TiCl 2 , triethylamine and sodium salicylate (generated from NaOH and salicylic acid) in degassed water under stirring conditions for 10 min. The structure of 2 was determined from the results of single crystal X-ray crystallography that confirms the bidentate chelating nature of the doubly deprotonated salicylate ligand [51] . On the other hand, attempted preparations of pure 1 by reacting (i) sodium salicylate and Cp 2 TiCl 2 in two different solvents e.g. toluene and water, (ii) salicylic acid and Cp 2 TiMe 2 in toluene and (iii) sodium salicylate and acetylacetone treated Cp 2 TiCl 2 in water [49] provided either a mixture of 1 and 2 or products could not be separated [51] , underscoring the synthetic difficulties in this field.
In spite of such complications, reports on the synthesis of bis(η 5 -cyclopentadienyl)titanium(IV) substituted salicylates are available [51, 52] but, none of these were characterised crystallographically. In an attempt to design molecules that offer the potential of hydrogen bonding in their supramolecular structures, i.e. ligands such as 2-mercapto-, 3,5-dichloro-2-hydroxy-and 3,5-dinitro-2-hydroxybenzoic acids, these were reacted with Cp 2 TiCl 2 in the presence of aquatic β-cyclodextrin polymer in chloroform, which provided high yield of salicylates can be attributed to the high oxophilic character of titanium cations preventing their crystallisation under ambient conditions and/or in the presence of any oxygenated source (water or adventitious moisture). Moreover, monitoring the kinetics of crystallisation also remains one of the most obvious strategies allowing crystalline materials to be obtained. Recently, the monodentate mode of salicylates in 1 [49] was confirmed from crystallographic data [58] ; however, the product was obtained from the reactions of Cp 2 TiCl 2 , 5-sulfosalicylic acid and salicylic acid in aqueous/chloroform medium wherein the role of 5-sulfosalicylic acid was not explained.
In view of the above technical difficulties and on the basis of previous success with the synthesis and structure determination of titanocene carboxylates of the type Cp 2 Ti(O 2 CR) 2 [59] , the present work aimed to synthesise a series of bis(η 5 -cyclopentadienyl)titanium(IV) substituted salicylates using a straightforward and reproducible synthetic methodology. For this purpose, 5- [62] were prepared starting from salicylic acid and the corresponding aniline using conventional diazonium salt chemistry, in accordance with literature procedures. Synthetic and spectral details for the pro-ligands 5-
Synthesis of pro-ligands and sodium salts
Pro-ligands H 2 L XASA viz. 5-[(E)-2-phenyl-1-diazenyl]-2-hydroxybenzoic acid (H 2 L ASA ), 5-[(E)-2-(4-methylphenyl)-1-diazenyl]-2-hydroxybenzoic acid (H 2 L MASA ), 5-[(E)-2-(4- bromophenyl)-1-diazenyl]-2-hydroxybenzoic acid (H 2 L BASA ) [60], 5-[(E)-2-(4-chlorophenyl)-1- diazenyl]-2-hydroxybenzoic acid (H 2 L CASA ) [61], 5-[(E)-2-(4-pyridyl)-1-diazenyl]-2- hydroxybenzoic acid (H 2 L PASA )[(E)-2-(4-ethoxyphenyl)-1- diazenyl]-2-hydroxybenzoic acid (H 2 L OEASA ) and 5-[(E)-2-(4-fluorophenyl)-1-diazenyl]-2- hydroxybenzoic acid (H 2 L FASA ) are described below.
Synthesis of 5-[(E)-2-(4-ethoxyphenyl
An analogous method to that used for the preparation of H 2 L ASA [60] was followed using [62] were prepared by the method described earlier. An analogous method to that used for the preparation of NaHL ASA [60] was followed for the preparation of sodium 5- 
(H-4)-5)) 2 ] (3)
A freshly prepared solution of titanocene dichloride (0.100 g, 0.401 mmol) in anhydrous benzene (15 ml) was added to a stirred suspension of NaHL ASA (0.230 g, 0.883 mmol) in anhydrous benzene (15 ml) and the stirring was continued at 40 ˚C for 4 h. The dark-red reaction mixture was evaporated to dryness, washed with hot hexane and dried in vacuo. The residue was extracted into hot anhydrous chloroform (20 ml) and filtered through a frit covered with predried neutral silica (3 cm layer, mesh size 100-200) and eluted further with anhydrous chloroform (3 x 1 ml). The clear red filtrate was concentrated using a rotary evaporator to around 11 3 ml, which upon standing overnight afforded orange crystals of 3 at ambient temperature. 
Synthesis of [Ti(η 5 -C 5 H 5 ) 2 (O 2 CC 6 H 3 (OH-2)(N=NC 6 H 4 (OC 2 H 5 -4)-5)) 2 ] (4)
Two synthetic procedures are described below.
Method 1:
An analogous method to that used for the preparation of 3 was followed using titanocene dichloride (0.100 g, 0.401 mmol) and NaHL OEASA (0.256 g, 0.832 mmol) except that the reaction mixture was directly filtered and washed with benzene. Red-orange crystals were washed with small amount of hexane and dried in vacuo. 
Synthesis of [Ti(η 5 -C 5 H 5 ) 2 (O 2 CC 6 H 3 (O-2)(N=NC 6 H 4 (CH 3 -4)-5))] (5)
A 
(F-4)-5))] (6)
An analogous method to that used for the preparation of 5 was followed using titanocene 
(Br-4)-5))] (8)
An analogous method to that used for the preparation of 5 was followed using titanocene dichloride (0.100 g, 0.401 mmol), H 2 L BASA (0.117 g, 0.401 mmol) and Et 3 N (0.080 g, 0.790 mmol)). The turbid reaction mixture was filtered; filtrate was concentrated to dryness using a rotary evaporator. The brick-red residue was washed with anhydrous hexane and dried in vacuo.
The solid material was dissolved in anhydrous chloroform (30 ml), filtered through a frit, which upon standing for three days afforded dark-red crystals of 8 at ambient temperature. Crystals were washed with small amount of anhydrous benzene and dried in vacuo. Yield: 0.11 g, 55 %. 
(N-4)-5))] (9)
An analogous method to that used for the preparation of 3 was followed using titanocene dichloride (0.100 g, 0.401 mmol) and excess NaHL PASA (0.230 g, 0.883 mmol). The resulting dark-red suspension was evaporated to dryness, washed with hot hexane and dried in vacuo. The residue was extracted into hot anhydrous dichloromethane (30 ml) and filtered through a frit covered with pre-dried neutral silica (3 cm layer, mesh size 100-200) and eluted further with anhydrous dichloromethane (3 x 1 ml). The clear red filtrate was concentrated using a rotary evaporator to around 20 ml, which upon standing overnight afforded fine dark-red crystals of 9 at ambient temperature. Crystals were dissolved by boiling in dichloromethane/DMF (20 ml/1ml, v/v) and the clear solution was concentrated to 10 ml, which upon standing at ambient temperature for about an hour afforded X-ray quality crystals. and (0 2 6) reflections were omitted from the final cycles of refinement owing to poor agreement.
In 6, the C17 atom was restrained to be nearly isotropic. The (2 0 4) reflection was omitted from the refinement of 7. In 7, the maximum and minimum residual electron density peaks of 1. Crystal data and refinement details are collected in Table 1 .
The molecular structure diagrams were generated by ORTEP for Windows [66] at the 25% probability level and the packing diagrams with DIAMOND [67] . Additional data analysis was made with PLATON [68] .
Results and discussion

Synthesis and spectroscopic characterisation of compounds 3-9
The paucity of bis(η 5 -cyclopentadienyl)titanium(IV) salicylates is mainly due to the high oxophilic character of Ti-cations, preventing them to crystallise under ambient conditions and/or in the presence of any oxygenated source. In view of this, the primary objective herein was set to standardise the synthetic procedure and secondly to crystallise the powder/ microcrystalline materials to obtain X-ray quality single crystals to enable the determination of their hitherto unknown molecular structures. In the current investigation, titanocene arylazosalicylates 3 and 4
were synthesised by the reactions of titanocene dichloride with two molar equivalents of the freshly prepared corresponding sodium salts of the respective pro-ligands in benzene at 40 ˚C under stirring. As a representative case, attempted reaction of titanocene dichloride, H 2 L OEASA and NEt 3 using 1:2:2 molar ratio in benzene also afforded compound 4. However, the cumbersome workup procedure was detrimental to the overall yield and thus synthetic success led to the choice of sodium salt method. On the other hand, 5-8 were prepared by the reactions of titanocene dichloride with the respective pro-ligands in benzene in the presence of triethylamine in 1:1:2 molar proportions (Scheme 1). As an exception, by adopting the analogous methodology, compound 9 could not be isolated owing to the insolubility of H 2 L PASA , nevertheless the reaction of titanocene dichloride with excess NaHL PASA (1:2 molar proportions) proceeded smoothly in benzene (refer to the Experimental section for details). The final yields of the products were >50% which were dependent on the workup conditions applied for the purification and recovery of the crystals. Crystalline samples of the compounds 3-9 can be stored for several months in an inert environment; of these compounds 3-5 and 9 retain their colour, lustre and melting points.
However, compounds 4-6 turns into powder with time but retain their original melting points. The compounds were characterised by NMR, IR spectroscopy and by single-crystal X-ray crystallography.
The IR spectra of 3-9 show two intense bands in the regions between 1633-1617 and 1417-1384 cm -1 corresponding to ν(OCO) asym and ν(OCO) sym vibrations, respectively. The observed differences between the asymmetric and symmetric vibrations are >200 cm -1 ; suggesting a monodentate coordination of the carboxylate ligand [69] ; this assumption was subsequently confirmed from the results of single crystal X-ray diffraction studies (see section 3.2). Since the titanocene arylazosalicylates in the present investigation were generated from solution methods, it was therefore necessary to confirm the purity of the bulk material and also to comprehend the solution behaviour of 3-9. resonances for the compounds 3-8 were observed at δ 175 ppm and for compound 9 at 170.6 ppm.
As such, no sign of decomposition was noticed in NMR spectra after dissolution of the crystalline samples, confirming that the solid-state structures were retained in solution at least for two hours.
The subtle changes in the ligand substitution did not affect the general pattern of the NMR spectra and the observed signals were generally broad and unresolved which prevented the measurement of coupling constants.
Description of the crystal and molecular structures of 3-9
The molecular structures of 3-9 are illustrated in Fig. 1 and selected geometric parameters for the seven structures are collated in Table 2 . Each crystal is solvent-free and comprises a single molecule in the asymmetric unit. The structures fall into two classes, with 3 and 4 having the general formula Cp 2 Ti(HL XASA -κO) 2 , and those of 5-9 conforming to Cp 2 Ti(L XASA -κ 2 O 1 ,O 2 ). The difference arises as in the latter series, the hydroxyl group of the carboxylate ligand is also deprotonated leading to a dianion so that each complex features a titanium(IV) centre.
In 3, the titanium atom is coordinated by two oxygen atoms derived from two monodentate hydroxylbenzoate ligands. This is confirmed by the observation that the C-O1, O3
bond lengths are 0.03-0.04 Å longer than the C=O2, O4 bond lengths and that the carbonyl-O2
and O4 atoms are approximately 3.5 Å distant from the titanium centre. Intramolecular hydroxyl-O-H … O(carbonyl) hydrogen bonds close S(6) loops, Table 3 , and confer co-planarity to the carboxyl and attached phenyl rings, with the CO 2 /C 6 dihedral angles being 5.1 (8) O1-carboxylate ligand is close to co-planar with the dihedral angle between the aromatic residues being 2.5(3)° but, the O4-carboxylate ligand is twisted with the equivalent angle being 15.6(2)°.
The molecular structure of 4 presents very similar features as for 3. The carboxylate residues tend to be more co-planar with the CO 2 /CO 2 dihedral angle being 13.2(3)° but, greater twists are noted between the CO 2 /C 6 planes, i.e. 6.1(4) and 11.85(14)° for the O1-and O4-carboxylate ligands, respectively, even though the intramolecular hydroxyl-O-H … O(carbonyl) hydrogen bonds persist, Table 3 . The dihedral angle between the aromatic residues in each ligand is similar, i.e. 10.60 (10) and 7.23(7)°. planes is minimum in 6, i.e. 1.9(4)°, and the maximum twist in the carboxylate ligands is seen in 9, i.e. 18.01(14)°.
As discussed in a recent contribution [59] , the structural motif observed for 3 and 4 conforms with expectation for the approximately 25 compounds of the general formula Cp 2 Ti(O 2 CR) 2 . By contrast, an evaluation of the crystallographic literature [70] shows there are only five precedents for Cp 2 Ti(salicylate derivatives), which exhibit very similar structural features with one notable exception. In the structure of the parent compound, Cp 2 Ti(salicylate) [51] , the chelate ring is somewhat more planar than reported for other derivatives and for the structures described herein. Thus, the titanium atom lies 0.4180(11) above the remaining five atoms of the chelate ring with the maximum deviation from the plane being 0.019(6) Å for the C1 atom.
In the crystal of 3, π … π stacking interactions predominate, Table 3 Table 3 . A view of the unit cell contents is shown in Fig. S16 . While the pattern of Cp-C-H … O(carbonyl) interactions in 6 matches that described for 5, the difference is that in 6, the chain is propagated by translational symmetry. As highlighted in 
Conclusions
Several new members of bis(η 5 -cyclopentadienyl)titanium(IV) arylazosalicylates were synthesised by conventional synthetic routes in anaerobic conditions in benzene. The compounds were characterised by IR and 1 H and 13 C NMR spectroscopic methods. The bulk samples of 3-9 were found to be consistent with their solid-state structures as revealed from NMR spectroscopy. The general solid-state constructs of 3-9 appear to be maintained in interactions play an important role in the packing of 6-8.
Table 1
Crystal data and refinement details for compounds 3-9. Table 2 Geometric parameters (Å, °) for molecular structures 3-9. (14) a Cg1 represents the ring centroid of the cyclopentadienyl ring with the lowest C-atom label. Table 3 Geometric parameters (Å, °) characterising intra-and intermolecular interactions in 
